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Electro-optical measurements on exciton-polaritons below and above the condensation threshold
are performed on high quality, pin-doped microcavities with embedded GaAs quantum wells.
Applying an external electric field shifts the polariton emission by hundreds of leV both in the lin-
ear and the nonlinear regime. We study three device geometries to investigate the influence of car-
rier confinement in the plane of the quantum well on the electro-optical tuning properties. In the
conventional micropillar geometry, the electric field tuning behavior is dominated by the effects of
carrier tunneling and electric field screening that manifest in a blueshift of the polariton emission.
In stark contrast, for a planar sample geometry, we can significantly extend the range of electric
fields and a redshift is observed. To separate the contributions of quantum confined Stark effect
and reduced exciton oscillator strength to the energy shift, we study a third sample where the etch-
ing of micropillars is stopped just above the active region. In this semi-planar geometry, exciton
and polariton emissions can be measured simultaneously. As for the planar geometry, redshifts of
the polariton emission are observed below and above threshold that are well reproduced by theoret-
ical shifts.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927601]
Semiconductor quantum well microcavities have
emerged as an attractive system to study the condensation of
bosonic particles at elevated temperatures, namely, of exci-
ton-polaritons.1,2 These are mixed light-matter quasiparticles
arising from the strong coupling of quantum well excitons
and cavity photons.3 Due to their photonic component, they
exhibit a very light effective mass4 and are easily accessible
in luminescence measurements. Polariton condensation can
be observed at temperatures up to and exceeding 300K in
semiconductors with large exciton binding energies such as
GaN,5 ZnO,6 and organic semiconductors,7–9 which high-
lights the potential for devices based on polariton-
condensation such as lasers without the need for population
inversion.10,11
Due to their excitonic component, polaritons interact
strongly with external fields and the carrier reservoir. These
strong interactions can be conveniently exploited in polari-
tonic integrated architectures12 where the polariton flow can
be directed and manipulated by external lasers,13–15 but, in
principle, also by simple electric gates. In an electric field
along the growth direction, the polariton emission exhibits a
redshift due to the Stark shift of the exciton16 which has
been observed in the linear regime below the condensation
threshold.17 Furthermore, the exciton oscillator strength
decreases due to decreasing overlap of electron and hole
wavefunctions which reduces the Rabi splitting.18 This
causes a blueshift of the polariton emission, but usually
the redshift dominates. In a recent study19 of the polariton
emission below and above condensation threshold, surpris-
ingly, a significant blueshift was observed with increasing
electric field. This was explained by longitudinal optical
(LO)-phonon assisted tunneling which leads to carrier accu-
mulation in one quantum well of the incorporated quantum
well stacks. This quantum well is spectrally detuned from
the remaining quantum wells and consequently the Rabi
splitting is reduced. Here, we show that this blueshift can be
suppressed by choosing a planar or quasi-planar sample ge-
ometry, and we restore the conventional quantum confined
Stark effect of the polariton condensate which could be used
to control polariton-transistors20 or to electrostatically define
trapping potentials for polaritons.
We study three different sample geometries: micropillar,
planar, and semi-planar. The quantum wells are left unetched
for the latter two geometries. Samples were grown by
molecular beam epitaxy on n-doped (001) GaAs substrates.
They consist of a k=2-AlAs cavity surrounded by AlAs/
Al0.2Ga0.8As distributed Bragg reflectors (DBRs) with 23.5
(27) mirror pairs in the top (bottom) reflector. A single stack
of 4 GaAs quantum wells with 7 nm width separated by 4 nm
AlAs barriers is placed in the center of the cavity which has
a nominal length of lC ¼ 100 nm. The AlAs barriers inhibit
tunneling of carriers out of the quantum well stack up to
very large electric fields. Quasi-graded superlattices21 were
introduced at the heterointerfaces of both DBRs and at the
cavity-DBR interfaces. Replacing the abrupt AlAs-AlGaAs
interfaces with 20 nm wide superlattices lowers the series re-
sistance of the DBRs. The top (bottom) DBR is p-doped with
carbon (n-doped with silicon). Doping concentrations were
reduced from 3 1018cm3 to 1 1018cm3 towards the
intrinsic cavity.10 The topmost mirror pair of the upper DBR is
doped at a concentration of 2 1019cm3 to ensure a low con-
tact resistance. The Rabi splitting amounts to ð8:760:1Þ meV
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as determined from low temperature white light reflectance
measurements where the cavity resonance was tuned through
the exciton energy by varying the radial position of the light
spot over the unprocessed wafer. In this experiment, we inten-
tionally reduced the reflectivity of the top DBR by removing
13 mirror pairs from the top DBR via dry etching to ensure a
sufficient signal to noise ratio.
The micropillar and planar samples are fabricated on
different pieces of the same wafer. Micropillars are proc-
essed similarly to the sample studied in Ref. 10. The n-
contact is formed by evaporating an AuGe-Ni-Au alloy on
the backside of the substrate. Next, 20 lm wide circular pil-
lars are defined by optical lithography and electron cyclotron
resonance reactive ion etching with an Ar/Cl plasma. The
etching is stopped in the substrate. The sample is then pla-
narized with a polymer (benzocyclobutene) and ring shaped
p-contacts (Au-Ti-alloy) are deposited on top of the pillars.
For the planar geometry, we use a similar process to the one
used in Ref. 17. After deposition of the n-contact on the
backside of the substrate, metal discs with a diameter of
40 lm are defined by electron beam lithography and evapo-
ration of a 40 nm thick gold layer. The semi-planar sample is
fabricated from a different wafer where only the first inner 4
mirror pairs of the upper DBR are doped (2 at 2 1018cm3
and 2 at 1 1019cm3). Micropillars with 20 lm diameter
are again defined by optical lithography and dry etching, but
the etching is stopped in the upper DBR when the highly
doped mirror pairs are reached. Ring shaped p-contacts with
an inner diameter of 26 lm are then deposited around the pil-
lar onto the p-doped layers of the upper DBR. As for the
other samples, the n-contact is deposited on the backside of
the substrate.
Angle-resolved electro-optical measurements are per-
formed in a Fourier-space micro-photoluminescence (PL)
setup.2,22 The samples are mounted in a helium flow cryostat
with electrical feedthroughs and kept at 5K during the
measurements. They are excited at normal incidence by a
Ti:sapphire laser with a spot size of 40 lm that provides
50 ps long laser pulses with a repetition rate of 82MHz. The
laser wavelength is tuned to the first reflectance minimum
outside the stopband 95meV above the lower polariton
energy. A voltage source is connected to the top and bottom
contacts of the samples to vary the electric field F during
measurements. The nominal electric field across the cavity is
calculated as F ¼ ðU0  UÞ=lc, where U0 is the knee voltage
and U is the external voltage. We note that the actual electric
field strength across the quantum wells may be significantly
lower than the nominal field strength due to screening
effects.
In Fig. 1, we show electro-optical tuning experiments
for the micropillar sample. A photon-exciton detuning of
8.2meV without externally applied voltage (open circuit
configuration) was chosen for this measurement. Analyzing
the emission at kk ¼ 0 with increasing pump power when the
voltage source is not connected, Fig. 1(c), yields the typical
signatures of polariton condensation at a threshold power of
ð6:560:5ÞmW, namely, a non-linear increase of the ground-
state emission at the threshold pumping power accompanied
by linewidth narrowing and a blueshift of the emission due
to repulsive polariton-polariton and polariton-reservoir inter-
actions.23 Figs. 1(a) and 1(b) show momentum resolved PL
spectra below and above the condensation threshold with the
left half of each spectrum recorded at F ¼ 0kV=cm and the
right half recorded at F ¼ 162kV=cm. A clear blueshift with
increasing electric field is observed as reported previously.19
For a more detailed analysis of the emission shifts, we
extract line-spectra at kk ¼ 0 from the momentum resolved
spectra recorded at different electric fields. Line-spectra are
shown in Fig. 1(d) and the extracted emission energies below
and above threshold as a function of electric field are plotted
in Fig. 1(e). The observed shift of the emission is very simi-
lar at both excitation powers supporting that strong light-
matter coupling is preserved above the non-linearity thresh-
old. For 30kV=cm < F < 300kV=cm, continuous shifts of
up to þ0.48meV below threshold and þ0.40meV above
threshold are observed. We believe that this blueshift can be
explained by carrier tunneling between the quantum wells as
proposed in Ref. 19. At F ¼ 30kV=cm, the lowest energy
levels in the conduction band of neighboring quantum wells
are separated by the energy of one LO-phonon of 36meV
(Ref. 24) as we calculated by numerically solving the
Poisson- and Schr€odinger-equations for our device.
FIG. 1. Electro-optical tuning mea-
surement on the micropillar sample.
(a) Momentum resolved PL spectra
below condensation threshold at a
nominal electric field F ¼ 0kV=cm
(left half) and at F ¼ 162kV=cm. (b)
Same as (a) above the polariton con-
densation threshold. (c) Power depend-
ence of ground state emission
intensity, energy, and linewidth meas-
ured without an externally applied
voltage. (d) Line-spectra at kk ¼ 0
extracted from momentum resolved PL
spectra for increasing electric field. (e)
Fitted peak energies of the spectra
shown in (d) as a function of electric
field.
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Therefore, electrons accumulate in the bottom quantum well
due to LO-phonon-assisted tunneling. They screen the exter-
nal electric field and lift the degeneracy of exciton energies
in the quantum well stack. The effective number of quantum
wells participating in the strong light-matter coupling is
reduced to three and the Rabi splitting is reduced by a factor
of
ﬃﬃﬃﬃﬃﬃﬃ
3=4
p
(Ref. 25) to 7.5meV. This results in an increase of
the lower polariton energy by 0.4meV at the selected detun-
ing which is in good agreement with the experimentally
observed values. As the exciton linewidth in the bottom
quantum well increases drastically due to the additional car-
riers,19 no additional polariton branch appears despite the
split exciton energies. For large electric fields, a strong red-
shift is observed accompanied by linewidth broadening and
reduction of the emission intensity. In this last regime, the
bands may be tilted sufficiently strong to allow carriers to
tunnel out of the quantum well stack. This would reduce the
screening of the external electric field and thus the previous
blueshift of the emission.
Next, we consider the planar sample. For this device, a
detuning of 4.0meV is determined in the open circuit con-
figuration. Line-spectra at kk ¼ 0 are shown in Fig. 2(a) at
low excitation power for increasing electric field, and the
emission energies extracted from the spectra are shown in
Fig. 2(b). In stark contrast to the measurement on the micro-
pillar sample presented in Fig. 1, here the polariton energy is
redshifted with increasing electric field by up to 1.2meV at
140 kV/cm. As both samples were fabricated from the same
wafer and are showing almost identical detuning, this differ-
ent tuning behavior can only be explained by the different
sample geometries. In the micropillar sample, carriers accu-
mulating in one quantum well due to tunneling are confined
to the etched structure of the pillar with a radius that is on
the order of diffusion lengths in intrinsic GaAs of tens of
lm.26 In the planar sample on the other hand, electrons
spread out in the plane of the quantum well due to diffusion
and Coulomb repulsion. Thus, the carrier density required
for screening effects to become noticeable is reached at con-
siderably larger nominal electric fields. At low excitation
powers, the photoluminescence is quenched for F >
150kV=cm due to tunneling losses, and therefore no blue-
shift is observed.
To separate the previously mentioned contributions of
quantum confined Stark effect and reduced exciton oscillator
strength to the energy shift of polaritons, we investigate the
semi-planar sample. For this sample, emission of the
uncoupled exciton can be collected at low excitation powers
from the surrounding of the pillar which remains in the weak
coupling regime due to the DBR removal. Figs. 3(a) and 3(b)
show momentum resolved PL spectra below and above the
polariton condensation threshold for various electric fields.
The detuning and threshold power determined in open circuit
configuration amount to 7.6meV and ð6:160:5ÞmW,
respectively. As for the planar sample, the polariton emission
redshifts with increasing field strength by up to 1.1meV
(0.58meV) at 150 kV/cm below (above) threshold. The
lower polariton dispersions measured below threshold are fit
with a coupled oscillator model where the Rabi splitting is
the only fitting parameter. The exciton energy is directly
measured by collecting emission from the surrounding of the
pillar, while the cavity energy is determined from a fit to the
PL spectrum recorded in the open circuit configuration and
then kept constant for the remaining fits. Analysis of the
line-spectra at kk ¼ 0, Fig. 4(a), yields the polariton emission
energies as a function of electric field, Fig. 4(b). We observe
a continuous shift to lower energies both below and above
condensation threshold, again supporting that the system is
still in the regime of strong coupling above the non-linearity
threshold. For large electric fields, the redshift of the conden-
sate emission is partially reversed before the condensate
FIG. 2. Electro-optical tuning of the planar sample at an excitation power
p ¼ 3mW. Note that this sample and the micropillar sample were fabricated
from the same wafer. (a) Line-spectra at kk ¼ 0 extracted from momentum
resolved PL spectra for increasing electric field. (b) Polariton emission
energy as a function of electric field.
FIG. 3. Electro-optical tuning measurement on the semi-planar sample. (a)
PL spectra below condensation threshold at various electric fields. White
dashed lines are polariton dispersions resulting from a coupled harmonic os-
cillator fit. Red and green dashed lines are dispersions of bare exciton and
cavity photon, respectively. (b) Same as (a) above condensation threshold.
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breaks up. This is only observed for excitation powers well
above the condensation threshold. We attribute this behavior
to screening effects as discussed for the micropillar sample,
but due to the lack of in-plane carrier confinement large elec-
tric fields and pumping powers are necessary to observe
them in the semi-planar sample.
The measured exciton energy and the Rabi splitting
deduced from the coupled oscillator fits are plotted in Fig.
4(c). Both curves show the expected behavior of decreasing
energy16 and splitting18 with increasing field, and they are in
good agreement with the calculated values up to an electric
field of 120kV=cm: For the exciton, we calculate the shift
DE ¼ ajFj2 according to Ref. 27. The calculation for a
7 nm wide GaAs quantum well in AlAs barriers yields a
polarizability of a ¼ 5:61 104meV kV2cm2. For the
Rabi splitting, first, the spatial overlap Oeh of one-
dimensional electron and hole wave functions fe and fh along
the growth direction was calculated numerically for a single
quantum well at various electric fields as Oeh ¼ j
Ð
fefhdxj.
Then, the Rabi splitting XðFÞ normalized to the Rabi
splitting at F ¼ 0kV=cm was calculated as OehðFÞ=Oeh;0,
with O2eh being proportional to the exciton oscillator
strength.25 Dashed lines in Fig. 4(b) show the predicted
polariton energies based on the calculated exciton energy
and Rabi splitting. The theoretical curves are again in good
agreement with the experimental values up to
F ¼ 120kV=cm:
To conclude, we have investigated the polariton emis-
sion both below and above condensation threshold in an
electric field perpendicular to the quantum wells. An initial
redshift of the emission is caused by the exciton Stark shift
and a reduction of the exciton oscillator strength. A reversal
of the redshift and subsequent blueshift of the polariton
emission is observed at larger electric fields when LO-pho-
non-assisted tunneling between the quantum wells leads to
screening of the external electric field. The onset of screen-
ing can be delayed by choosing a planar sample geometry.
Our results show a pathway towards electrostatic trapping
and manipulation of polaritons via the DC stark effect. More
importantly, our scheme can be adapted in sophisticated
polariton channel structures and interferometers to control
and direct the polariton flow in integrated circuit
schemes.15,28,29 In combination with electrical polariton
injection10 and electrical polariton read out,30 this could
pave the way towards ultra compact, all electrical polariton
integrated logic circuits.
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